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I g n i t i o n  C h a r a c t e r i s t i c s  o f  Colorado O i l  Shale  

V. Dean Allred and L.  S. M e r r i l l ,  Jr .  

Marathon O i l  Company, L i t t l e t o n ,  Colorado 

In t roduc t ion  

Spontaneous i g n i t i o n  i s  usua l ly  cha rac t e r i zed  by an ab rup t  ( exponen t i a l )  i n c r e a s e  
i n  temperature  and r e s u l t s  when t h e  ra te  o f  h e a t  production i n  exothermic r e a c t i o n  
exceeds t h e  r a t e  o f  hea t  d i s s i p a t i o n  t o  t h e  surrounding media. 
term spontaneous i g n i t i o n  temperature is app l i ed  t o  those  systems being oxidized 
by a i r .  However, i n  t h i s  paper  t h e  term a p p l i e s  t o  systems using oxygen enriched 
or p a r t i a l l y  dep le t ed  gas  streams. 

Ord ina r i ly  the  

In  a p r a c t i c a l  a p p l i c a t i o n  i t  is important t o  know t h e  i g n i t i o n  c h a r a c t e r i s t i c s  
of o i l  s h a l e  i n  developing an understanding o f  processes  f o r  recovering o i l  from 
o i l  s h a l e s .  This is  p a r t i c u l a r l y  t r u e  wnen using t h e  coun te rcu r ren t  o r  r eve r se  
combustion i n  s i t u  recovery or t he  p a r a l l e l  flow r e t o r t i n g  p rocess  (1, 2 ) .  

The coun te rcu r ren t  combustion process  is  one i n  which t h e  combustion or  ox ida t ion  
zone moves aga ins t  t h e  flow of t h e  i n j e c t e d  gas  stream, Figure 1 shows a schematic 
r ep resen ta t ion  o f  such a process .  To be p r a c t i c a l ,  t h e  combustion zone must pro- 
g r e s s i v e l y  move toward t h e  sou rce  of t h e  oxidant  i n j e c t i o n  a t  such a r a t e  t h a t  o n l y  
a minimum amount o f  f u e l  is consumed and t h e  u s e f u l  products  produced i n  an oxygen 
f r e e  atmosphere. The process  is  somewhat unconventional bu t  has  been denonstrated 
i n  t h e  l abora to ry  as a means o f  producing o i l  from o i l  s h a l e .  

One way of exp la in ing  why t h e  process  works is as fol lows:  A s  i g n i t i o n  of a 
given particle t akes  p l ace ,  it is accompanied by an exponent ia l  temperature  r ise  
which i n  t u r n  causes a r a p i d  i n c r e a s e  i n  combustion ( o x i d a t i o n )  r a t e .  This e f f e c t -  
i v e l y  removes t h e  oxygen f r o m  t h e  surrounding gas  stream, s o  no f u r t h e r  ox ida t ion  
t a k e s  p l ace  a t  t h i s  po in t .  However, hea t  has been t r a n s f e r r e d  t o  t h e  surrounding 
p a r t i c l e s  a s  well as t h e  gas stream. One e f f e c t  is t h a t  p a r t i c l e s  immediately up- 
stream a r e  cont inuously being heated t o  t h e i r  i g n i t i o n  temperature  and t h e  process 
r e p e a t s  i t s e l f  with t h e  combustion zone e f f e c t i v e l y  progressing a g a i n s t  t h e  gas 
flow, 
gas  downstream from t h e  combustion zone. This  provides  an i n e r t  ho t  gas  i n  which 
t h e  hydrocarbon components a r e  e f f e c t i v e l y  d i s t i l l e d  from t h e  s o l i d s .  

Experimental  

Another e f f e c t  is t h a t  t h e  oxypen has  been e f f i c i e n t l y  removed from the  

I n  t h i s  i n v e s t i g a t i o n  t h e  i g n i t i o n  temperatures  were determined i n  a flow-type 
system so t h a t  cond i t ions  would be somewhat comparable t o  t h e  r e t o r t i n g  process.  
The experimental  arrangement is given i n  Figure 2. 

The b a s i c  u n i t  o f  equipment was a small Inconel block fu rnace  containing two 
one-half  inch sample holes .  One,hole  contained t h e  sample and t h e  o t h e r  was f i l l e d  
with an i n e r t  r e f e r e n c e , m a t e r i a l .  A l t e rna te  junc t ions  o f  twelve chromel-alumel 
thermocouples were l o c a t e d  i n  t h e  two ho le s  to  form a' s e n s i t i v e  thermopile  d e t e c t o r .  

Since i g n i t i o n  is  cha rac t e r i zed  by a r a p i d  temperature  rise, t h e  d i f f e r e n t i a l  
thermopile  was used i n  most experiments to  d e t e c t  t h e  temperature  a t  which combustion 
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occurred .  
companied by t h e  simultaneous r e l e a s e  of  carbon d ioxide .  
g a s  s t ream was cont inua l ly  monitored a s  a func t ion  of temperature  w i t h  a d i f f e r -  
e n t i a l  thermal conduct iv i ty  c e l l ,  Both techniques proved equal ly  e f f e c t i v e .  

However, advantage was a l s o  taken of  t h e  f a c t  t h a t  i g n i t i o n  is a l s o  ac- 
I n  t h e  l a t t e r  case ,  t h e  

Determinations we? made i n  a i r  a n d . i n  gas  mixtures  o f  oxygen and n i t r o g e n  
over  a pressure  range from atmospheric  t o  1000 p s i g .  
s i x ,  t h i r t e e n ,  twenty-one, and f i f t y - f i v e  percent  by volume o f  oxygen. 

The E ~ S  mixtures  contained 

I n  a t y p i c a l  experiment, about  two grams of -40 t o  60 mesh o i l  s h a l e  was 
placed i n  t h e  sample hole .  
s h a l e  was placed i n  t h e  r e f e r e n c e  c e l l .  The oxidant  conta in ing  g a s  passed a t  t h e  
same r a t e  through t h e  s h a l e  and t h e  re ference  m a t e r i a l  a t  t h e  pressure  of  t h e  
experiment.  
a t u r e  and d i f f e r e n t i a l  temperature  were recorded by use of e i t h e r  a two-pen o r  an 
x-y recorder .  In  t h e  a l t e r n a t e  d e t e c t i o n  system t h e  of f -gas  was taken from t h e  
c e l l s ,  passed through drying t u b e s  t o  remove water vapor, and then t o  t h e  reference 
and sample s i d e s ,  r e s p e c t i v e l y ,  o f  a thermal  conduct iv i ty  d e t e c t o r .  
was then  cont inuously recorded a s  a f u n c t i o n  of  t h e  sample temperature .  

A similar s i z e d  sample of prev ious ly  pyrolyzed o i l  

The block was hea ted  a t  a uniform rate o f  about 40°F/minute. Temper- 

This  s i g n a l  

1 
Experiment a1 R e s u l t s  I J 

I g n i t i o n  temperatures  a s  a f u n c t i o n  of  oxygen p a r t i a l  p r e s s u r e  f o r  d a t a  cover- 
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ing s e v e r a l  oxygen c o n c e n t r a t i o n s  i n  t h e  g a s  s t ream a r e  t a b u l a t e d  i n  Table I and 
shown i n  Figure 3 .  (Note: These d a t a  are p l o t t e d  with t h e  square  r o o t  of t h e  
oxygen p a r t i a l  p ressure  a s  a c o o r d i n a t e  so t h a t  t h e  s c a l e  could be expanded on 
t h e  low pressure  end and s t i l l  e x t r a p o l a t e d  to zero .  P l o t t i n g  t h e  square  root 
has  no o t h e r  s i g n i f i c a n c e ) .  
t h a t  t h e  i g n i t i o n  temperature  is r e l a t i v e l y  independent o f  to ta l  pressure ,  bu t  
s t r o n g l y  dependent on  t h e  oxygen concent ra t ion .  

From t h e  curve shown i n  Figure 3 i t  is  r e a d i l y  observed 

Other  d a t a  have shown t h a t  lower rates of  supplying t h e  oxygen has  l i t t l e  or 
no e f f e c t  on t h e  i g n i t i o n  tempera ture  as long a s  excess  oxygen is present  f o r  t h e  
combustion r e a c t  ion 

1 

One i n t e r e s t i n g  s e t  of d a t a  a r e  shown i n  Figure 4 .  Of p a r t i c u l a r  i n t e r e s t  . 
a r e  t h e  c h a r a c t e r i s t i c s  o f  t h e  i g n i t i o n  temperatures  a t  p r e s s u r e s  below 100 p s i g  

b u t  d i d  not  result i n  i g n i t i o n .  
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These same data a r e  p l o t t e d  as a f u n c t i o n  of  oxygen p a r t i a l  p ressure  i n  
Figure 5, which shows t h e  n a t u r e  o f  t h e  t r a n s i t i o n  reg ion  c l e a r l y .  
t h a t  t h i s  t r a n s i t i o n  reg ion  i s  a s s o c i a t e d  with t h e  well known "cool flame" oxida t ion  
phenomena observed for i g n i t i o n  of many hydrocarbons as a f u n c t i o n  of  pressure .  
For example, Figure 6 shows t h e s e  o i l  s h a l e  d a t a ,  t o g e t h e r  with i g n i t i o n  curves ,  
f o r  n-octane,  i -octane,  and propane ( 3 ,  4 ) .  Natura l ly  one would not  expec t  t h e  
d a t a  to  c o i n c i d e  with t h e s e  p a r t i c u l a r  hydrocarbons,  but  t h e  s i m i l a r i t y  o f  t h e  
shape of t h e  curves and t h e  tempera ture  range is s t r i k i n g .  One p o s s i b l e  i n t e r -  
p r e t a t i o n  of t h i s  behavior  is t h a t  t h e  s h a l e  i g n i t i o n  is a s s o c i a t e d  with g a s  phase 
combustion of hydrocarbons be ing  d i s t i l l e d  out  o f  t h e  o i l  s h a l e .  

Discussion 

I t  is thought 

The ques t ion  a r i s e s  why o i l  s h a l e s  i g n i t e  a t  such low temperatures  when de- 
s t r u c t i v e  d i s t i l l a t i o n  o f  t h e  s h a l e  o i l  does not occur  u n t i l  temperatures  i n  excess  
o f  7OO0F are reached. 

This ques t ion  can p o s s i b l y  be answered by cons ider ing  t h e  f a c t  tha t .Colorado  
o i l  s h a l e  has  f r o m  one t o  t h r e e  percent  by weight (about  t e n  percent  o f  t o t a l  
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. TABLE I 

Total Pressure “Oxygen Part ia l  
( p s i )  Pressure ( p s i )  

Gas Composition 
Volume % 

(Air ) 
(21% 02) 

125 
16 2 
21 2 
587 
954 
22.2 
32.2 
32.2 
52.2 
72.2 
26.2 
92.2 
112.0 
212.0 

24 
34 
44 
123 
20 3 
4.7 
6.8 
6.8 

11.0 
15.1 
5.5 

19.4 
23.6 
44.5 

Ignit ion 
Temperature (OF) 

4 50 
435 
4 35 
385 
365 
54 5 
540 
535 
500 
475 
5 30 
465 
455 
425 

(55% 02) 22.2 . 
(45% N2) 11 2 

210 
51 2 
812 . 

12.2 
61.7 
11 6 
281 
44 6 

455 
400 
375 
354 
3 40 

(13% 02) 22.2 2.9 580 
(87% N2) 44.2 5.7 560 

60.2 7.8 500 
110 14.4 495 
167 21.8 453 
594 77.3 395 

22.2 
39.2 
62.2 
11 2 
277 
860 

1.3 
2.4 
3.7 
6.7 
16.6 
51.6 

586 
565 
535 
506 
435 
40 5 

*Data taken a t  gas flow rate  of 1350 standard cubic f e e t  per square foot  of  
cross sect ional  area per hour. 
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o r g a n i c  m a t t e r )  of benzene s o l u b l e  components i n  i t .  A s  shovrn i r i  i l , u r e  7 ,  auoht  
t h e  same weight f r a c t i o n  of o i l  s h a l e  is v o l a t i l e  between 36OoF and 700°F wherr 
analyzed by thennogravimetr ic  ( T G A )  t echn iques .  lhese d a t a  i n d i c a t e  t h a t  v o l a t i l e s  
s t a r t  being evolved i n  an a p p r e c i a b l e  amount a t  about 36OoF, w h i c n  was about  t n c  
same a s  t h e  lowest  s e l f  i g n i t i o n  temperature  observed. Fu r the r ,  t h i s  prel iminary 
evo lu t ion  r eaches  a maximum a t  about  600°F, which is about t h e  n o r r a l  i g n i t i o n  
temperature  i n  a i r  a t  atmospheric p re s su re .  

Based on t h e s e  data, i t  seems very l i k e l y  t h a t  i g n i t i o n  is  a s soc ia t ed  with 
t h e  e v o l u t i o n  of hydrocarbon vapors  f r o m  t h e  o i l  s h a l e  i n  the  temperature range 
360O- 7OOOF. 

Summary 

The self i g n i t i o n  temperature  of  Colorado o i l  s h a l e  has been determined t o  
vary with oxygen concen t r a t ion  from about 63OoF at  atmospheric cond i t ions  t o  36OOF 
a t  high ( abou t  500 p s i )  oxygen p a r t i a l  p re s su re .  

The i g n i t i o n  temperature  is shown t o  correspond c l o s e l y  t o  temperature  range 
du r ing  which organic  vapors evo lve  p r i o r  t o  t h e  onse t  o f  d e s t r u c t i v e  d i s t i l l a t i o n  
of t h e  kerogen i n  t h e  s h a l e ,  

L i t e r a t u r e  C i t ed  

1. Allred,  V. D . ,  and Nielson,  G .  I . ,  Countercurrent  Combustion - A Process f o r  
Re to r t ing  O i l  Shale.  P r e p r i n t  No. 9 ,  AIChL 48th Xat ional  Neeting, Denver, 
Colorado, 

2. A l l r ed ,  V. D . ,  U.  S .  Pa ten t  3,001,775 (September 26, 1961)  ass igned t o  Marathon 
O i l  Company. 

3 .  Affens, W .  A , ,  Johnson, J, E.,  and Carha r t ,  H. W . ,  I g n i t i o n  S tud ie s  P a r t  V.,  
NRL Report 5437 (January 27,  1960) .  

4.  Maccormac, M . ,  and Townsend, D. T.  A . ,  The Spontaneous I g n i t i o n  Under P res su re  
of Typ ica l  Knocking and No-Knocking Fuels :  
J. Chem. SOC. 1 4 3  ( 1 9 4 0 ) .  

Heptane, Octane, Iso-octane,  e tc .  

:, 



COMPRESSED am 
OIL.GAS.8 

COMBUSTION PRODUCTS 

\ 

Figure 1. The Countercurrent Combustion I n  S i tu  Process f o r  Recovering 
Hydrocarbons. 
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Figure 2 .  High Pressure Di f f erent ia l  Analysis Equipment f o r  Determining 
Spontaneous Ignit ion Temperature of O i l  Shale.  
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Figure 7. TGA of Colorado O i l  Shale. 
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